The goals ofthis study were to eplore the relationship of ining blood lead levels and cognitive devopment in 42 m lead-poisoned children around 2 ya of age and to investigate the pot i be n iron and le levls in the cie of We recently reported (13) an inverse relationship between declining blood lead levels and improvements in cognitive performance in 1-to 7-year-old children who participated in a comprehensive intervention program to reduce blood lead levels. The average trend in this group was significant, but there was a great deal of variation. The variability stemmed in part from the necessary use of different tests at different ages and from variations in iron levels and treatment patterns. We thus decided to examine in more detail the data of a subgroup of these children who were close to 2 years old at enrollment and who were administered only the Bayley Scale of Mental Development during the study. The use of a single test and the narrowness of the age range meant that many test items were common across the group and permitted an examination of particular types of items.
The goals ofthis study were to eplore the relationship of ining blood lead levels and cognitive devopment in 42 m lead-poisoned children around 2 ya of age and to investigate the pot i be n iron and le levls in the cie of Several recent prospective studies relating blood lead to behavior in children (1) (2) (3) (4) (5) (6) (7) (8) (9) have implicated lead as having a negative influence on young children's cognitive development. Although in some of these studies early relationships with prenatal exposure disappear with time, several studies suggest that postnatal exposure is related to later outcomes (1) (2) (3) (4) (5) 8, 9) . Bellinger et al. (2, 3) reported that blood lead level at 2 years of age is negatively related to cognitive outcome at 4.5 and 10 years. Australian investigators (1, 5) reported that integrated blood lead levels are negatively related to performance at 4 and 7 years of age, and blood lead levels at 2 and 3 years contributed most to the integrated blood lead concentration. Wasserman and colleagues (9) found that blood lead levels after 18 months of age were more strongly related to cognitive development at 4 years of age than blood lead levels before 18 months. In all of these studies, the strongest relationships at 4 years were between blood lead and perceptual-motor performance on the McCarthy scales. Although the results of the Cincinnati study (10) have often been nonsignificant when appropriate covariates were controlled for, Dietrich et al. (4) found that decrements in performance on several subscales on a test of fine motor proficiency at 6 years were associated with both current and earlier blood lead levels. These results suggest that blood lead levels around 2 or 3 years of age contribute to cognitive development, particularly perceptual-motor skills. The general timing of this contribution coincides with the natural course of blood lead in children for whom there is no systematic intervention; blood lead levels peak between 18 and 30 months and decline slowly but steadily thereafter (1, 4) . The age of 2 years may be especially important in neurobiological development as synaptic connections within the brain reach a peak and are then selectively reduced (11, 12) . Goldstein (11) suggests that lead may augment the background level of neurotransmitter activity and thereby diminish the efficiency with which these connections are pruned. In this way, the cognitive development of children around 2 years of age may be particularly vulnerable to the effects of lead. Another factor is that children around this age are more likely than older children to be iron deficient. In our sample (13) , for example, 52% of children under 3 years had ferritin concentrations of less than 16 ng/ml. Wasserman et al. (8) found that both lead and iron contributed to cognitive performance in a group of 2-year-old children. Because iron levels may influence children's neurological and cognitive development (14) and also affect absorption and excretion of lead (15, 16) , they may interact with lead in influencing development and the outcomes of intervention.
We recently reported (13) an inverse relationship between declining blood lead levels and improvements in cognitive performance in 1-to 7-year-old children who participated in a comprehensive intervention program to reduce blood lead levels. The average trend in this group was significant, but there was a great deal of variation. The variability stemmed in part from the necessary use of different tests at different ages and from variations in iron levels and treatment patterns. We thus decided to examine in more detail the data of a subgroup of these children who were close to 2 years old at enrollment and who were administered only the Bayley Scale of Mental Development during the study. The use of a single test and the narrowness of the age range meant that many test items were common across the group and permitted an examination of particular types of items.
In summary, the two questions motivating the analyses were related specifically to the age of the children. First, if 2 year olds are particularly vulnerable to the effects of lead, will they also be particularly responsive to intervention to reduce blood lead levels? Second, given the prevalence of iron deficiency at this age, are iron-deficient children less responsive than iron-sufficient children to such intervention?
Methods
The goal of the analyses reported here was to explore the relationships between cognitive performance and both iron status and changing lead levels in a sample of children between 18 and 30 months of age. The chil-dren were evaluated at three time points in the course of a 6-month intervention period. The intervention included abatement procedures in the home to reduce exposure to lead, chelation treatment if indicated by the results of the lead mobilization test (LMT), and iron supplementation for those children who were iron deficient as determined by serum ferritin levels (13) .
The study was approved by the local Institutional Review Boards, and consent was obtained from the parents or guardians of all participating children. Children participated in the study if they had not been treated previously for lead poisoning, their blood lead (BPb) levels at the time of enrollment were between 25 and 54 pg/dl, and their levels of erythrocyte protoporphyrin (EP) were >34 jig/dI. The children's clinical management throughout the study followed standard procedures. If the child's LMT was positive, the child was hospitalized for treatment with CaNa2EDTA. If the child was iron deficient (ferritin <16 ng/ml), oral iron was prescribed (6 mg/kg/day). Depending on the diagnostic outcomes, the enrolled children could be given both forms of treatment, neither form, or either one of them alone. For all children, there were sequential inspections of the home and attempts to eliminate exposure to lead paint through existing housing codes. That these efforts were at least partially successful is demonstrated by a significant decline in exposure as measured during home visits (unpublished observations).
The children's cognitive development and behavior were evaluated at three time points, but we report here the data from the first and last visits: 1) time 1: approximately 1 week after enrollment and before the treatment course was determined, and 2) time 3: approximately 6 months after the first visit. The dependent variable was the child's performance on the Bayley Scale of Mental Development (17) . Assessors were blind to the treatment status of children and to their BPbs.
Sample and Procedures
We selected 42 children (26 males, 16 females) from the 154 children who constituted the sample in our recent report (13) .
The selection criteria were as follows: 1) age at enrollment of at least 18 Based on the results of the LMT, the child was either hospitalized for a 5-day course of CaNa2EDTA treatment (1 g/m2/day) or not. Oral iron (6 mg/kg/day) was prescribed if necessary, and a housing inspection was conducted. Except for the LMT, which depended on current BPb, this entire process was repeated approximately 6 months later whether or not the child had been hospitalized for EDTA chelation treatment. The cognitive and biochemical measures are therefore closely linked in time.
Measures
The dependent measure of cognitive functioning was the mental development index (MDI) from the Bayley Scales of Infant Development (17) . The MDI is a standardized score with a mean of 100 and a standard deviation of 16 . In addition to the global score, we analyzed the cognitive and language subscales according to the Kent scoring system. These scores are age equivalents in months. Despite the label, the cognitive subscale consists almost exclusively of perceptual-motor items such as performance on pegboards and formboards, imitating crayon strokes, and stacking blocks. The language subscale includes both comprehension and production of single words, simple combinations, and comprehension of simple commands.
There were several biochemical measures used in the analyses as independent or moderator variables: BPb, EP, ferritin, and several hematologic indices. BPb Ferritin was measured by radioimmunoassay. The intra-assay and interassay coefficients of variation were 3% and 4%, respectively. Ferritin levels were missing at the last time point for five children, for whom data were otherwise complete. These missing data points were replaced by regressing ferritin on age in the entire sample (13) and using the resulting values to estimate missing ferritin values; this process resulted in replacement values of ferritin >20, as mean replacement would have.
Complete blood counts were also conducted by the hospital laboratory, which provided information about hematologic variables. To form groups for use as a categorical variable, the children were separated into those with low iron and those with adequate iron. There were 20 (48%) children whose ferritin was <16 ng/ml at time 1; 14 of them had average ferritin levels over the course of the study of <16 ng/ml. This cut-off, which determined whether oral iron was prescribed, was based on a large populationbased study of healthy, nonanemic children (19) and has been used successfully by us and others to indicate the need for intervention (13, 20) . Of the 22 children whose ferritin was >16 ng/ml at time 1, 1 child with a ferritin level of 16 had a hemoglobin (Hb) level of 10.5 g/dl, indicative of mild anemia, and was moved to the iron-deficient group. Ten children in the iron-deficient group fit the criteria for mild to moderate anemia [Hb <11 g/dl (21) ]; 11 were judged to be deficient or depleted (ferritin <16 ng/ml, Hb >11 g/dl).
The distributions of all variables were checked for this sample, and any outlying values, as determined by the statistical program, were pulled in to 1 point above (or below) the next largest (or smallest) value, a process known as winsorizing (22 A number of background variables were considered; these included SES, score on the Caldwell HOME scale as a percentage of items scored positively (23) , maternal IQ (replaced with the mean in five cases of missing data), child's birth order, number of people in the household, number of prenatal and perinatal complications, sex, language of test administration (Spanish/ English), race, and age. We controlled those variables that were associated with both dependent and independent variables with a probability of <0.15 (24) . We also included background variables related to the dependent variable if their inclusion increased the precision of the particular model being tested (25) . SES, Caldwell HOME score, and language of test administration were used in analyses of change in MDI; covariates added to other models will be noted as relevant.
Analyses
For the main analyses, we examined regressed change in MDI or subtest scores Environmental Health Perspectives * Volume 104, Number 2, February 1996Articles * Ruff et al.
in relation to regressed change in BPb or other biochemical or hematologic variables during the study period (26) . For example, in assessing the relationship between change in MDI and change in BPb, we controlled for initial levels of BPb and MDI. Potential interactions between change in BPb and the covariates and background variables were tested; none was significant. Because of our interest in iron status as a potential modifier or confounder of the relationship between change in BPb and change in MDI, iron status at time 1 was entered into the regression equation as a categorical variable. Finally, the term representing the interaction between iron status and change in BPb was entered to determine whether the interaction accounted for a significant increase in R2. This same procedure was followed for most of the analyses involving the entire group of children. All significant relationships were tested for the effects of individuals with undue influence. Analyses were conducted with the SYSTAT computer program. 
Results

Relationships between Cognitive and Biochemical Measures
The analyses did not reveal any relationships at time 1 between the Bayley MDI or separate subscale scores and BPb, EP, or ferritin levels in the whole group or within either the iron-deficient or iron-sufficient groups. In the iron-deficient group, MDI was positively related to Hb level (r = 0.51, p = 0.02) and hematocrit (Hct; r = 0.56, p = 0.02). Neither of these was significant for the iron-sufficient children. With age controlled, the perceptual-motor and language subscales for the iron-deficient children were related to Hb (rs = 0.48 and 0.55) and Hct (rs = 0.51 and 0.54) at time 1, and the language subscale was also related to MCV (r= 0.51).
Relationship between Cognitive Change and BPb Change
In the analysis of the relationship between changes in MDI over 6 months and the concurrent changes in BPb, the regression coefficient (p) for BPb change was -0.344, not too different from the -0.310 reported for the age range 1-7 years (13). The result was not significant, and iron status alone bThe set of background variables was socioeconomic status, score on HOME, and language of test administration. Table 3 shows adjusted and unadjusted means for the BPb-change subgroups. Note that a score in age equivalents almost always increases because children usually pass at least as many items on a second testing; the MDI, in contrast, may decrease because a child passes fewer items than expected for an average rate of development. There was no relationship between BPb changes and changes on the language subscale in either the iron-sufficient or iron-deficient groups. Thus, relationships between changes in cognitive functioning and changes in BPb are seen only in the iron-sufficient children, and then only in the perceptual-motor subscale.
Changes in the Iron-Deficient Group
The absence of a systematic relationship between BPb changes and changes in MDI (8, 5) , it is more common for cognitive functioning to be related to earlier BPb levels. For example, Bellinger et al. (27) found that MDI scores in the first 2 years of life were related to umbilical cord BPb, but not to concurrent blood lead levels. Wigg et al. (28) found that MDI scores at 2 years were related to BPb at 6 months but not to con- Another hypothetical possibility is that the anemic children, who showed the largest increases in Hb, as expected, were initially more shy and fearful than children with higher initial Hb and smaller increases. The MDIs of the anemic children may then have increased more from time 1 to time 3 because they were significantly more comfortable with the test situation at time 3 (29) . We do not have the measures to determine whether, in fact, the anemic children were more fearful initially. However, because MDI change was related to change in Hb in a linear fashion, noncognitive factors like fearfulness would more likely be mediators, rather than confounders, of the relationship between cognitive and hematologic changes.
If the association is not a spurious one, the iron-deficient children's performance might conceivably have been influenced directly by oxygenation of neural tissue or indirectly by increasing energy and thus attention and motivation. The findings were not limited to the anemic children, a fact that is consistent with some previous literature and not others. Walter et al. (30) and Oski et al. (31) report improvements in the cognitive scores of iron-deficient, nonanemic children after short-term iron therapy, while Lozoff et al. (32) found changes only in the anemic children. Only a few investigators, however, have reported changes in hematologic indices as continuous variables (33, 34) , a potentially powerfu.l way to detect associations between biological and behavioral variables.
In summary, there seem to be at least two biochemical changes associated with changes in the children's cognitive performance in this study; one is improvement in hematologic indices in iron-deficient children and the other is decline in BPb in iron-sufficient children. The number of subjects is relatively small, but the results, if replicated, would have important implications for our understanding of the way multiple biological factors interact to influence the behavior and functioning of young children.
